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We report a chemically specific x-ray photoelectron diffraction (XPD) investigation using synchrotron radiation
of the thermally induced growth of epitaxial graphene on the 6H -SiC(0001). The XPD results show that the buffer
layer on the SiC(0001) surface is formed by two domain regions rotated by 60◦ with respect to each other. The
experimental data supported by a comprehensive multiple scattering calculation approach indicates the existence
of a long-range ripple due the (6
√
3 × 6√3)R30◦ reconstruction, in addition to a local range buckling in the
(0001) direction of the two sublattices that form the honeycomb structure of the buffer layer. This displacement
supports the existence of an sp2-to-sp3 rehybridization in this layer. For the subsequent graphene layer this
displacement is absent, which can explain several differences between the electronic structures of graphene and
the buffer layer.
DOI: 10.1103/PhysRevB.87.081403 PACS number(s): 61.48.Gh, 61.05.js, 74.25.Jb, 68.37.Ef
Graphene, a single sheet of sp2-bonded carbons arranged
in a honeycomb lattice, has attracted enormous attention
due to its unique physical and electronic properties, as, for
example, a relativistic dispersion relation near the Fermi
level described by the massless free particle Dirac equation,
room temperature quantum Hall effect, high carrier mobility,
possible topological magnetic ordering, a tunable band gap,
among others.1–3 It is not a surprise that graphene is nowadays
considered a perfect playground material to be explored in
basic research from both theoretical and experimental points of
view. Graphene also holds many promises for the development
of industrial applications. Several of these new properties
were investigated using exfoliated graphite samples,4 but this
way of obtaining graphene presents many difficulties for
technological applications. It has been known since 1975 that
the graphitization of SiC surfaces occurs when they are heated
to temperatures above 1100 ◦C.5–7 For the SiC(0001) surface in
particular, the graphitization exhibits an epitaxial relationship
with the substrate and is azimuthally ordered. By adjusting
the growth parameters, it is possible to obtain large areas of
graphene that are a single or few layers thick on the surface of
SiC,8–14 which could lead, in the near future, to a wafer-sized
graphene sheet directly grown on an insulating SiC substrate.
The initial stage of graphitization (first layer) is characterized
by a (6
√
3 × 6√3)R30◦ reconstruction, also known as the
buffer layer (BL).15 The BL is a layer of carbon atoms arranged
in a honeycomb structure, whose lattice is mismatched in
relation to the substrate to which some of the atoms are bonded
covalently. Despite its topological similarity to graphene,
the BL exhibits physical and electronic properties that are
dramatically different from those of exfoliated graphene: For
instance, it has no π bands around the K point15,16 and it shows
a gap opening.17 The BL also has an important influence on
the subsequent layer grown, which is single-layer graphene
that has a conical dispersion of the π bands, but with a band
gap at the Dirac point due to the presence of the BL substrate.
The mechanism behind the gap opening and its relation to the
atomic structure of the graphene/BL system remains an open
issue, despite its importance.
The atomic structure of BL itself is a subject of controversy
in the literature. The pioneering work of van Bommel5
suggests that the graphitelike layers are weakly bonded to
the surface of SiC(0001) while other studies suggest a Si-rich
interface.7 Another controversy involves the 6 × 6 hexagonal
reconstruction of the BL observed in scanning tunneling
microscopy (STM) images,6,8,10,18,19 which do not agree with
the (6
√
3 × 6√3)R30◦ reconstruction commonly observed in
low-energy electron diffraction (LEED) patterns.6–8,10 These
reports involved the indirect determination of the structure
by combining STM and theoretical results. It is clear that a
direct determination of the structure from experimental data is
indicated.
In this Rapid Communication, we present a surface struc-
ture determination of the graphene/buffer layer on SiC(0001).
We have used the unique advantage of the chemical sensitivity
of synchrotron-based, high-energy-resolution photoelectron
diffraction to probe the local order of carbon atoms in each of
the chemically different environments, determining separately
the atomic structure of each contribution at a specific region,
i.e., C or Si in the bulk of SiC(0001), C in BL/SiC (0001),
and C in graphene/BL/SiC(0001). The approach used in
this work represents a direct, element- and chemical-specific
determination of the graphene/BL which has the ability to
unambiguously differentiate the contributions of each layer.
Based on our experimental data analysis, which includes
a comparison with theory, the existence of the long-range
ripple structure due the (6
√
3 × 6√3)R30◦ reconstruction is
confirmed. In addition, there are strong indications that the
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sublattices that form the honeycomb structure are decoupled
in the BL, but not in the graphene that is essentially flat.
This breaking of the sixfold symmetry would explain, from
a structural point of view, the peculiar differences observed
in the electronic properties of the buffer layer compared to
graphene.
The x-ray photoelectron diffraction (XPD) experiments
were carried out at the SGM (in the case of the buffer
layer) and PGM (in the case of graphene) beamlines of the
Brazilian Synchrotron Light Laboratory (LNLS) using 450 eV
photons. The base pressure in the ultrahigh-vacuum (UHV)
chamber was below 1 × 10−10 mbar during the experiments.
For this study, we used on-axis Si-terminated SiC crystals
(n doped, N, 2–4 × 1018 cm−3). The samples were hydrogen
etched in order to remove polishing damage and to chemically
passivate the surface. In UHV, the sample was submitted to
several sessions of annealing with the temperature precisely
monitored by a infrared pyrometer with emissivity set to 95%.
The sample was first degassed for 1 h at temperatures lower
than 900◦C and finally it was heated for 9 min at 1100◦C
and for 6 min at 1150◦C to produce the buffer layer. The
pressure was always below 1.0 × 10−9 mbar during heating.
To produce the graphene layer the same procedure was used
with one additional heating cycle for 6 min at 1160 ◦C. The
measurements on both beamlines were done using the same
end station and each stage of the experiments was monitored
with x-ray photoelectron spectroscopy (XPS) and LEED (see
also Supplemental Material20).
In the BL experiment we can clearly resolve two compo-
nents in the C 1s line [Fig. 1(a)] with the highest binding
energy corresponding to the C-C bonding (buffer layer) and
the lower binding energy corresponding to the C-Si in SiC. In
this experiment the BL is not completely covering the surface.
There is a coexistence of the BL phase with some regions
displaying the previous phase (
√
3 × √3)R30◦, as indicated
in the LEED pattern. However, its contribution to the BL
component in the XPD pattern can be considered negligible,
since the peak intensity contribution for the (
√
3 × √3)R30◦
is much weaker compared to the BL intensity, as demonstrated
in the Supplemental Material20 and previously by Johansson
et al.21 For the graphene experiment, we could resolve one
additional component related to the C-C bonding in a true
graphene layer, as seen in Fig. 1(b). The relative binding
energies and intensity ratio between each component are
consistent with previous results for either 1 monolayer (ML)
of buffer layer and 1 ML of graphene.15 These thicknesses
were determined by XPS and confirmed using XPD. The
angle scanned XPD experiments were performed with 450 eV
photons, with the Si 2p and C 1s core levels being monitored.
The photon energy was carefully chosen, so that for the C 1s
electron the kinetic energy (KE) is about 165 eV where the
multiple scattering and backscattering regime dominates, so
that each C 1s component has a strong sensitivity to a particular
chemical environment. On the other hand, for Si 2p the KE is
348.5 eV where the forward scattering regime starts to
dominate, so that Si 2p emission is suitable to probe the
stacking structure and number of graphite layers. A detailed
description of the experimental setup, data acquisition, and
analysis is presented in the Supplemental Material20 and
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FIG. 1. (Color online) C 1s core-level spectra excited with
photons of 450 eV and normal emission. (a) Situation with only
the buffer layer and substrate. (b) Situation with the buffer layer and
graphene. In each case the solid lines are the fitting envelope (black),
SiC component (red), buffer-layer component (blue), and graphene
component (green). LEED patterns are displayed in the insets.
simulations from the MSCD package developed by Chen and
Van Hove,23 which includes a fast structural optimization
based on genetic algorithm by M. L. Viana et al.24 This code
performs multiple-scattering cluster calculations based on the
Rehr-Albers separable representation of the free propagator.23
The structure is determined in a fitting procedure that searches
for the set of parameters that optimizes the agreement between
the theoretical and experimental diffraction curves through
minimization of the reliability factor Ra (a perfect agreement
corresponds to Ra = 0 and a complete disagreement is given
by Ra  1).22
Figure 2 shows the experimental (left column in blue)
and simulated (right column in red) photoelectron diffraction
patterns, for the best model and after structural relaxations.
The patterns shown in Figs. 2(a)–2(c) were obtained in the BL
experiment [i.e., see Fig. 1(a)] and are, respectively, for C 1s
from BL, C 1s from SiC, and Si 2p from SiC. The patterns
shown in Fig. 2(d) are for the case of C 1s from the graphene
081403-2
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FIG. 2. (Color online) Experimental (left column) and simulated
(right column) photoelectron diffraction patterns. (a) C 1s, buffer
layer, (b) C 1s, SiC, (c) Si 2p, SiC, and (d) C 1s, graphene.
component [i.e., see Fig. 1(b)]. The excellent agreement of the
simulated patterns with the experimental ones is reflected in
the very low Ra factors, i.e., Ra = 0.178 for the C 1s of the
BL, Ra = 0.136 for the C 1s from SiC, Ra = 0.157 for Si 2p,
and especially the Ra = 0.064 for the C 1s from graphene.
For BL (without graphene), as the first model, we include
a flat single layer of carbon atoms on the surface of the
SiC(0001) in a honeycomb structure. The first results of our
FIG. 3. (Color online) (a) The honeycomb structure is formed
by two hexagonal lattices (A and B). In the relaxation process, we
permitted these lattices to move in the z direction, forming a buckling
in the short-range order and a ripple in the long-range order (details in
text). (b) Distances between atomic layers when the surface contains
only a buffer layer. (c) Distances between the atomic layers when the
surface contains a buffer layer and graphene. In graphene the atoms
are coplanar.
simulations only solved part of the observed structures in
the diffraction patterns. According to previous studies,9 the
procedure of etching the SiC in a H2 flux leaves a surface with
predominately three- and six-bilayer steps. Since the density
of Si atoms in SiC is three times greater than the density
of C atoms in the BL, it is expected that the evaporation
of three layers of Si will form one graphene (buffer) layer.
Therefore, the steps with three bilayers would be retained
after the graphitization and the BL grown on different terraces
could be oriented 60◦ relative to each other. To include such a
domain structure, we have done two calculations with clusters
rotated by 60◦ relative to each other, and the final theoretical
pattern was a equally weighted combination of both domains.
Such a model significantly decreased the Ra factor (∼50%) in
comparison to the single domain model. The BL was treated in
the same manner in the second experiment where graphene is
present.
The best in-plane lattice parameters that adjusted the
data were 3.081 Å for SiC and 2.461 Å for the BL and
graphene. In order to determine the distance between the BL
and the substrate, the atoms of the outermost surface layers
were allowed to relax along the 〈0001〉 direction. To form
a honeycomb structure, two hexagonal lattices were used as
shown in Fig. 3. In the optimization process of the structure,
081403-3
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TABLE I. Summary of XPD simulations for the C emitter in BL.




Buckling + ripple 0.445 0.178
we permitted these lattices, A (green) and B (red), to move
in the 〈0001〉 direction. For the case with only a BL, this
relaxation produced a remarkable reduction of the Ra by ∼40%
compared to the coplanar structure. For the case with 1 ML of
graphene coverage, the displacement in BL almost disappears
compared to the bare case. We did not find any displacement
in the graphene layer.
For the case with only BL, we found a distance of
0.36 Å between the two lattices A (green) and B (red).
Previous experimental results reporting such a buckling in the
literature are lacking, however, a more complicate structure
also including a long-range ripple was suggested in some
theoretical works.25 It could be claimed that the XPD technique
is only sensitive to short-range order and cannot distinguish
these superstructures. However, it is reasonable that C emitters
sitting at different positions and heights relative to the Si
layer below the BL can introduce particular features in the
diffraction pattern. To try to include such a long-range ripple
in our XPD simulations we added into our previous flat models
a simple corrugation by changing the height (A) and width (B)
of a Gaussian distribution (see Fig. 3), in a way similar to the
LEED work of Moritz et al.26 for graphene on Ru(0001).
The best results after minimization are summarized in
Table I and Fig. 3. We can observe that only the long-range
ripple did not improve the Ra factor significantly, which
is expected since XPD is more sensitive to local order.
However, including a long-range ripple in the buckling model
did improve the Ra . In first approximation, such a simple
model describes better some lower polar angles that are
more sensitive to the interface through backscattering. It also
improved all higher polar angles, demonstrating the existence
of a pyramidization through a sp2-to-sp3 rehybridization of the
C-C bonding, in agreement with a more sophisticated theoret-
ical model suggested by Sclauzero et al.27 Any other kind
of atomic arrangement, such as hexagon-pentagon-heptagon
defects,28 could not be distinguished with the present study.
However, further XPD investigations that can separate the S1
and S2 components15 in the BL signal could find valuable
structural information to solve in detail the atomic structure of
the BL as well as its relation to the Si-rich interface below it.
Results for the second atomic layer of the SiC substrate us-
ing either the photoelectrons from the C 1s and Si 2p emitters
are already bulk values (1.90 and 0.62 Å). Nevertheless there
is a expansion of about 11% in the first Si-C bilayer and a
distance of 1.97 Å between the BL and SiC. Such a distance
is in good agreement with previous density functional theory
(DFT) calculations and is attributed to the strong covalent
bonding of some carbon atoms in the buffer layer with Si
atoms at the rich Si surface of the SiC(0001) surface.29 For
the case of the graphene experiment our simulations indicated
that it is basically flat and well decoupled from the BL. The
buckling displacement was not found at all in the graphene
layer and the buckling in the BL was reduced to only 0.09 Å
(much lower than in the previous case).
In summary, our approach of chemically resolved XPD
demonstrated that while graphene is strictly flat, BL shows a
more complex structure with a long-range ripple and buckling
at the local range order that decouples the honeycomb sublat-
tices that form the buffer layer in SiC(0001). The displacement
of the sublattices is more intense when the buffer layer is not
covered with graphene. This ripple-buckling model structure
agrees with a sp2-to-sp3 rehybridization (pyramidalization)
that has effects on the stability of this layer27 and explains
several of the electronic differences between graphene and the
buffer layer.
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